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Orientations of Liquid Crystals on Mechanically 
Rubbed Films of Bovine Serum Albumin: A Possible 
Substrate for Biomolecular Assays Based on Liquid 
Crystals 

SeunsHlyeoi Kim, Rahul R. Shah, and Nicholas L. Abbott* 

Department of Chemical Engineering, University of Wisconsin, Madison. 1415 Engineering Drive, Madison, Wisconsin 53705 



We report the uniform planar anchoring of thermotropic 
liquid crystals on flhns of bovine serum albumin (BSA) 
covalently Lmmobilized on the surface of glass microscope 
slides and mechanically rubbed using a cloth. The azi- 
muthal orientations of the liquid crystals were measured 
to be parallel to the direction of rubbing. Following 
immersion and removal of these rubbed films of BSA from 
aqueous solutions containing either BSA, fibrinogen, 
lysozyme, anti-FITC immunoglobulin G (IgG), or anti- 
streptavidin IgG, we measured liquid crystals placed onto 
these surfaces to largely retain their uniform alignment. 
In contrast, following immersion of a rubbed film of BSA 
into an aqueous solution of anti-BSA IgG, we observed 
liquid crystals on diese surfaces to assume nonuniform 
orientations. We conclude that specific binding of anti- 
BSA IgG to the film of rubbed BSA erased anisotropy 
induced withm the film of BSA by rubbuig. This resuh 
suggests that the spatial scale of anisotropy within the 
rubbed film of BSA is comparable to or smaller than the 
size of the IgG molecule. Because the anisotropy within a 
rubbed lllm of a protein can be erased by specific bindu^ 
of a second protein, we believe these types of substrates 
(rubbed films of proteins) have the potential to be useM 
in a variety of label-free biomolecular assays where 
specific binding of a target species to its ligand can be 
imaged through observation of the optical appearance of 
liquid crystal placed onto the surface. 

We have recently reported that liquid crystals can be used to 
amplify and transduce the receptor-mediated binding of proteins 
at surfaces into optical outputs.' By hosting ligands for specific 
proteins on appropriately designed surfaces, we have demon- 
strated that the binding of target proteins to the ligands ran trigger 
changes in the orientations of 2-20-/<m-thick films of supported 
liquid crystals. These changes in orientation of the liquid crystals 
can be readily observed by using polarized light. This approach 
(i) ,-.--".r. ,s riuiy.iij, ■, I iej.i;vjii.-,peciric binding of proteins to 
surfaces with micrometer resolution, (ii) can be performed rapidly 
and (iii) does not require the use of enzymatic or fluorescent 
labels. Past studies h ave also shown that visual inspection of the 

* Corresponding author: (fax) 608-262-5434; (e-mail) abbott@engr-wiscedu 
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optical appearance of the liquid njstals ran be used lo detect 
tiireshold amounts of proteins whereas gray scale analyses of the 
optical appearance can yield quantitatively measures ;i the ,mv>mt 
of bound protein.2 

Past studies of the use of liquid crystals to amplify biomolecular 
interactions on surfaces have exploited the nanometer-scale 
structure of self-assembled monolayers (SAMs) of tw-functionalized 
alkanethiols formed on obliquely deposited films of gold.i -s 
Although the self-assembly of organosuliiir compounds on the 
surfaces of films of gold permits a high level of control over the 
structure of the surface, this approach requires access to an 
ultrahigh-vacuum chamber for deposition of the gold films. This 
requirement is a potential barrier to the widespread use of the 
principle in biochemical laboratories. In this paper, we describe 
a procedure that permits the preparation of substrates for liquid 
crystal-based biomolecular assays that does not retjuire access 
to apparatus beyond that coirmionly found in wet chemical 
laboratories. The approach we report is based on the formation 
of films of protein covalenUy attached to the surface of glass 
microscope slides and the rubbing of these films by using a 
modified chart recorder. Coyalent immobilization of the protein 
leads to mechanically robust protein films,'" and the process of 
rubbing of the films leads to an anisotropic surface structure useful 
for liquid crystal assays.""'' Here we demonstrate this method 
of preparation of protein films to lead to surfaces that possess 
four essential properties required for biomolecular assays based 
on liquid crystals. First, the rubbed films of protein uniformly 
orient liquid crystals. Second, the rubbed substrates resist the 
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nonspecific adborption of proteins from solution rhiiti, the uibh('(i 
proteins bind specifically targeted biomoSecules in solution, 
fousth, the binding ot the targeted molecules to the rubbed 

protein films changes the onentation of liquid crystals on these 
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(A) Aminopropylated Si 



crystal on f >' 1 \ - 1 p ft I m x< > , ' i ^I'le 
substrate I i , fi i 1 n , t a s iig 

BSA '» llmv idS n, .,1^ h.u ivs. .•>(..] the use ot lubbed 
pioleins Ami polypep i. di , em ot liquid trystdls ' 
Those past studies di( r> s noveui eetermine whether rubbed 
films of piotein resist norispei ih{ adscupfion of biomoiecules not 
did the\ determine v\hcther sptTific binding of biomolecuia! 
species to rubbed films of proteins will lead to measurable changes 
in the alignment of the liquid crystals. The work repotted in this 
paper addresses these principal issues. 

EXPERtiMENTAL SECTION 

Materials 1 he glass microscope slides were Fisher's Finest 
premium grade obtained from Fisher Scientific (Pittsburgh, PAi. 
Polished silicon (iOO) wafei-s were purchased from Silicon Sense 
(Nashua, NH). Octadecyltilchlorosilane (015) and (3-aminopro 
pvDtnethoxysilane (APES) were purchased from Getest (Tuliy- 
town, PA). Solutions for silarazanon of glass slides were prepared 
in anhvdrous toluene (Aldrich, Milwaukee, WI) when using OTS 

and in 10 inM sodium acetate acetic acid buffer (pH S.Oi when 

using APES. Disucciniiindyl suberate (l^SS) was obtained from 
Pieue iK'vufoid, 11) BS-\ (IgG fiee. lyophihzed powder), anti- 
BSA IgG (polyclonal, developed in rabbit), anti-streptavidin IgG 
(polyclonal, developed in rabbit), anti-FITC IgG (monoclonal, clone 
M D6 mouse ascites fluid), fibrinogen (firaction 1, type III from 
human plasma) and ivsoz^'me (EC 3.2.1.17, grade HI. from 
('I'ckeii egg while) \sen obtained from Sigma (St. Louis, MO) 
a'ld ustd c!.> received Mi psoteins used in this study weie 
J s^o'.> c .n phosphate buffcied sahne (PBS, 137 mM NaCl, 2 7 
! ? mM Na.HPO,-7H,0 1 1 mM KH2PO4) solution at 
\ > < tiueous solutions wei'e prepai ed with deionized water 
L<> ,i.g>, iosistni!\ guMi- ilicip 18 2MQ-cm (Milli-QP''«, Millipore, 
Bedfoj-d. MAS . The nematic liquid crystal of 4-cyano-4'-pentylb!- 

(14) Fetwsh S 1 Kbnmm Vmsini 4 Foster. M. D.: Lander, l. M:. Brittain. W. 
) BuiieUmoJ Pros 1997 13 635- 639. 

(15) Rdseribichlcr H iirtle R I Biotechniques 17. m-m. 
Blawas ^ S Oliver 1 P PimmB M. C: Reichert. W.M. ia/??n)ujr 1998. 



1^ i |o-|;i— N-S— ^i^-N-^g^ (C) Coupling with BSA 

Figure 1. Experimental procedure used to covalently immobilize 
BSA onto ttie surfaces of glass microscope slides: (A) reaction of 
the ethoxy groups of APES with hydroxyl groups presented at the 
surface of the glass slide to form a slloxane bond; (B) activation of 
the aminopropylated substrate by reaction with the homobifunctional 
cross-linker (DSS); (C) reaction of the free sucdnlmide ester groups 
of tiie activated substrate with the amine residues of BSA. 



plieiivl (sCB), manutacfcrco bv BDH, was purchased from EM 
industries (Hawthorne, 

Cleaning of Substrates. The glass microscope slides and 
silicon wafers were cleaned b\ using "puanlid solution" (70% H2 
504/30% HaOa, Caution: "piranha solution' reacts violently with 
organic materials and should be handled with extreme caution: do 
not store the solution in dosed containers) for 1 h at 80 °C. After 
removal from the cleaning solution, the substrates were rinsed 
Hill. ! opious amoums of deionized water and dried under a stream 
of nitiogen T he ( l-aned substrates were stored in an oven (120 



C) 



, hefnie 



riiv Mc H -i . > Mbed l ilins of BSA. Qui miiial oxpei.i- ^ms 
UL I i V > * 1 ii' BSA ph\sKd!i> ddsQibed to butl hvam 
phobic and hydrophiiic substrates. We used clean silicon wafers 
witfi native oxide films as hydrophiiic substrates. Hydrophobic 
substrates were prepared by immersing silicon wafers overnight 
in 3% OTS dissolved in anhydrous toluene. To reduce the extent 
of hydrolysis of the OTS by ambient water, we performed the 
silanization reaction within a nitrogen glovebox (model CC40, 
Vaaium Atmospheres Co., Hawthorne, CA). The silanized sub 
strates were rinsed mth toluene and dned at 120 °C for at least 
3 h Physitaliv adsorbed Idvers of BSA v^ere prepared by 
imnieisinu iht -.uDstiates o^cinight m solutions of 1 0 mg mL 



, >biliA BS\oi. fl 



2) Gearv-. J. .M.: Goodby. J, V 
62. 4100-4108. 

3) Creaeh. .L. T.: .Kmelz. A. f 



m Figuie 1 Clean SUDS* i us v.t 1 t i k 

tor 1 h at 80 ( \Mi , I ' 

buffei (10 mM pH a (I) Ihe ai, 1 wio} " ii si hsi sit-s v i 
rinsed with deionized water and dned at lid C lor at least 3 a 
before they were activated with a succinimide ester cioss linker 
(DSS) to promote the coupling of the BSA to the surface by amide 
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Protein Adsorption. We investigated the nonspecific and 
specific binding of proteins to rubbed films of covalently im- 
mobilized BSA by incubation of these substrates in PBS solutions 
of proreins (pH 7 2) for 2 h We used solutions of 10'> n\l t"! 0! 
mg ml J IgG <ann BSA IgG anti str< pi ixm n , , s 

The sub tsates were rinsed with dem u, • < « an wc c ■ c ( i n V i 



1 . substrate 

2 modified strip chart recorder 

3. velvet type polyester cloth 

4. aluminum block 

5. barrier 

6. double-sided tape 

7. chart paper 

Figure 2. Schematic Illustration of the experimental apparatus used 
to rub films of covalently Immobilized BSA. Each film of BSA was 
immobilized on a substrate (see Figure 1 ) and placed onto the surface 
of chart paper on a modified chart recorder. A velvet-type cloth was 
attached to the base of an aluminum block and placed onto the 
surface of the film of BSA. The motion of the substrate under the 
aluminum block caused the film of BSA to be rubbed by the cloth. 



bond fomiaUt 1 i< m s > ly. p lUf ib^-i it \ immersed 
m anhydrous i im i i < t n i ) n \! ^ sioc k soluiion m 
anhydrous DMSO was added to the methanol solution (final 
concentrationofDSSv\ris 1 On,i\!) rhesuijsuattsueu mm dsui 
in the stirred solution for 1 h washed with methanol and deioni/eJ 
water, and then immediaiely coupled to amine groups of BSA. 
The BSA coupling was achieved by immersing the DSS-activated 
substrates in a 1.0 mg/mL BSA solution in PBS buffer (pH 7.2) 
for overnight. 

Riibbe'l films of BSA Rubbed tilnis of BSA were prepared 

bi J I > t e (loth (90 ti poK ester '10% Spandex Lo 
gai ti in ( I i( loss BSA todtcd substiatcs using a stnp 



) the < 



,1 hi, 



idified 



it of 



an rtiuiTunurn biocK weighing - 200 g onto the substrate (2 cm x 
7 an). 

Rubbed Substrates Not Supporting Films of BSA. For 

purposes of comparison to rubbed films of BSA. we also rubbed 
glass slides that were not coated by BSA and prepared glass slides 
onto which v\r shear deposited a film of poh (tetrafluoroethvlene) 

(PTf"E). The rubbed glass slides v«'ere prepared bv mechanical 
inbbmg oi 'i 1 1 , s n , i ndf i the same conditions used to 
pit V ~ ' M"- ct posited PTM liliTis 



noiistraied that f 'r s jf ' 
n< liquid tiXsiciK i 
moiled and \ieic ~10' Pa 



s ha.t 



will 



> rtspectueh 



(24) Dennis. J. .R.: Vo«b1, V. / AppJ. Pins. 1998. 83. 5195-5202 
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! i-.ld. iM< p . s ,.u each sample 1 y 

!- ' } ^Ip ^u,ui Ihndpis h]) at a 

\\j\t,. i^tt, u bU[) ^ riKi ai angle oi i ic dence of 70° We 
compared the use of multilayer (Si/SiOj/OTS) and two-layer 
models (substrate/OTS) of OTS SAMs and found that the 
ellipsometric thicknesses of the OTS SAMs were accurately 
predicted by the two-layer model (20 ± 1 A). We therefore 
modeled our system using the two-layer model. We interpreted 
the ellipsometric thicknesses of the adsorbed protein layers by 
assuming the refractive index to be 1.46 for all the organic layers 
(protein/ BSA/ silaiie) 

Optical Cells \\( obsi i\( d the alignment of n? intit liquid 
crv.slal (;>(. B) on the surfaces of the rubbed films by assembling 
the liluis inio 1 i s ^ i V i a ceDsweie fabricated by painng 
iwi) glass Si iS 1 11 I (11 supported a rubbed film The 
rubbed fiims were aii«iied (facing each other) such that the 
di ( li 1 , v\ ere paiaOel within the cell The rubbed 

li'! v\( k p i lit tA inserting thin poKcstei film ( 10/<rn 
thickness of Mylar. DuPont bilrns. Wilmington. UE) between the 
surfaces of the rubbed films The ( ells vi^re he id together by using 
"bulldog clips placed along the edge of the glass mu roscopu 
slides The cells were heated to JO C bv piacng them on a hot 
plate. We also used a hot air gun to warm the air around the cells 
to ~40 °C. The 5CB was heated into its isotropic phase (~35 "O 
within a glass svringe A drop of 5CB was placed onto the edge 
of each cell on the hot piate. The 5CB was drawn into the cavity 
betwet n the twt, nibbtd suifaees hy rapiUaiy iorce Once filled 
with )CB theedlwasreniovtdfroKuhi 'i..t,>')l, anet >.oolcd m 
an to loom temperature I pon to > ii s \i< \ j hdM of / B 
transformed to tiie nematic state. 

Polarized light Mit rose op> n 
(BX60 OKrnpus lokyo Japaii> u. ' 
textures formed by light transmittec n- oy 
with nennatic 5CB All images weie oiy , s 
lens with a 550 fan field of view between i us t 
azimuthal orientations of the liquid crystals were determined by 



(2.1) Wtien illuminated using w 



e light and ci 



thickness d The resulting ini 
toiding *o ttlicthcr tliey rc 
ors). 550- II 00 (second-orde 

and the Bj/arlzuig Microscop 

ithm Organic Films: From 



c hanges 



^ the u 



wave pldte i\i 
These medsuitniems 
mtolheiriuiobropovi 
dxis of a quarter Wdu' 
was deieuninedby of 
insertion of the qua s 



Ou( of Pi^ns ( 



erference colors upon insertion of a quarter 



-ski 1 



) the optical path.^-- 
IV placing the optical cells 
Kiionpdraileltothe slow 
axis ot tfie liquid crystal 
u (iff.en.ecoloi L'pon 
HI i'utu(PfOio shifted 



cingie) of 5CB within the optical cells The optical cells were placed 
between < lossed polarizeis, lilununated at nonridl incidence using 
a polarized He-Ne laser (model 05-LHP-141, Melles Griot. 
Carlsbad. CA). and then rotated from -20° to +20° with respect 
to the normal. A plot of the intensit>' of light transmitted through 
the cell against the angle of incidence was used to estimate the 
tilt of the optica! axis of the liquid crystals from the surface of the 
ceil.2« 

Transinittance of Optical Cells The Intensity of light 

transmitted through each optical cell, i was recorded during 
rotation ot the sample between crossed polarizers. The back- 
ground mtensitv {4.. ko™..,„!) of light transmitted through crossed 



rough j 



optK 



1=0- background)/ Valtel (1) 

Ail intensities of liglit transmitted through the optical cells were 
measured using a photodiode (silicon photodiode FDSlOO, Thor- 

labs. Inc.. Newton, NJ). 

RESULTS Ai^D DiSOUSSiOiy 

Rubbed I Unis oi Ph>si< ailv Aasoi bed HS A It is v\el! knou n 

that BSA will adsorb to hydrophobic substrates immersed in 
aqueous solutions of BSA ' f iln's pif p nm v this nuiinei ate 



.iibomf, i' ^ \ 1 lu iK ill\ aasorbed to clean, hydropbilK 

silicon wall sj ■. \' ,o')k OTS treated silicon wafers Our 

measuup . . u .i thicknesses of these films of BS \ 

indicated that over sU% oi the physicallv adsorbed BSA was 



vKiependent of the hvdroohobicitv of the 



im Sciifft I 1 ) Ktlumg I / -ijypl Fhu 1977 49 1783 179^ 

(29) .Moonev. J. F.: Hunt. A, J.: Mcintosh. J. R.: Uberko. C. A.: Walija. D. M.: 
Ro«trs C I i'.m Vi« 4tdd Sti tS4 1 99 6 93 1228/ 12")! 

(30) Ge. S.: Kojlo. K.: Takatora. A.: KajiYama, T. /. Biomater. Scl. Polm. Ed 
J 998. 9. 131-160. 

(31) Harlow, t.: I,ane. D, Amjhodies: A laboratory Manual Cold Spring Harbor 
Ijaboratorv: Coid Spring Harbor. N\. 1998. 

(32) Su. T. J.; Lu, J. R.; Thomas. R. K.: Cui. R. K, / Php. Chem. B 1999, 103. 



OTS on SiO./Si^ 
\PI S on SiO./Si 



•' BS.A lavers were prepared by immersing the substrates in solutions 
w( 1 1) m ml BSA m PBS buffet (pH 7 2) for overnight *Measured 
( iipv'iTOtnc thicknessosofSAMsofOTSwpieZOi I A 'Measured 

eiiipsometric tliicknesses of SAMs of 4PrS uuo 11 ± 1 A 



proteins.^'"'-" caused us to I \p! <K \d^ iup.tpiitim h.ntuily 
robust films of BSA. 

We prepared mechanically robust films of BSA by using the 
homobifunctional cross-linker DSS to covalently attach BSA to 
ammopropylated silicon wafers (Figure 1).'" The DSS cross-linker 
reacts with one or more of the 59 lysine f-amino groups of BSA. 
It IS thought that approximately 30-35 of these lysine groups are 
a\ail<ible for the coupling reaction.'"' In contrast to the physically 
adsorbed films of BSA, we found that rubbing of covalently 
immobilized films of BSA did not result in substantial changes in 
the eiiipsometric thicknesses of the BSA films (Table !), We 
measured dtie eiiipsometric thicknesses of covalently immobilized 
filnis of BSA to decrease in thickness by less than 3 A upon 
rubbing. 

Orientation of 5CB on Rubbed Films of Covalently Im- 
mobilized BSA. Figure 3A shows the optical appearance (crossed 
polarizers) of a film of nematic 5CB sandwiched between two glass 
slides presenting covalently immobilized films of BSA (not 
rubbed). When 5CB was anchored on films of BSA that were 
not nibbed we observed the optical appearance of the liquid 
crystals to be comple.x and nonuniform. The nonuniiorm appear- 
ance ot the htjuid crystal indicates that the nematic phase of aC^B 
is anthoud v ithout i pri^attc" ^,^ln^utha' -^■-h ntinon on these 

. • 1!S\ fir III <i F K s i,hHm I hawi-m 

I ii ! H 1 10 „'ire\B) 
"1 ti,s SI I .1 litdti s u ! II I |i d Li IS ail I, 111 mi oiunttd 
111 t.it suifdt! of tile lubDtd liini oi BSA Ihe d<;muiihal 
OIK n\ t u of the liquid uystai on tht rul)bed BSA. was di ttrm nid 
b^ the 'Kdiige I'l color ol the liquid civstdl upon insemon of a 
t|uaiter-wave plate into the optical path (see details m Expen- 
metital Section) Insertion trfthe quarter wa\e plate into the optical 
path resulted in a change in color indicative of an increase in 
retardation (fi om Figure 3C to D). This result demonstrates that 

(33) Malmsten, M; Lassen, B.; Holmberg, K.; Thomas, V.; CJuash. G. ./. Callaid 
Interface Sci. 1996, in 70-78. 

(34) Malmsten, M.: MuUer, D,; Lassen. B. / Colloid Merface Scl 1997, 193, 
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Figure 3. Optical textures of nematic 5CB (crossed poianzers) sandwiched between glass microscope slides supporting films of BSA. The 
optical textures were obtained (A) before and (B) after rubbing of the films of BSA. The direction of rubbing was parallel to the polarizer. The 
optical texture shown in (C) was obtained after rotation of the cell in (B) by 45°. The image In (D) was obtained using the sample shown in (C) 
following insertion of a quarter-wave plate into the optical path. The white arrows indicates the rubbing direction, and the red arrows indicate the 
optical axis of quarter-wave plate (Nomnarski prism, 147.3 nm) with the high refractive index (I.e., slow axis). The horizontal dimension of each 
sample shown is 550 /tm. 



liquid crystals of 5CB align oh these surfaces in a direction that 
is parallel to the direction of rubbing of the BSA film. We also 
measured the out-of-plane orientation (tilt angle) of 5CB supported 
on rubbed films of BSA. By using the crystal rotation apparatus 
(see details in Experimental Section), we measured the tilt angle 
rf the optical axis of 5CB from the plane containing the rubbed 
I S - I vor to be 1 5 ± 05° 

lotated bervveen ciossed polarizci s. the opiical appear- 
ance oi 5CB anchored between the rubbed films of BSA was 
ih\n-\ (1 to nioduidte bttwfpii ddrk (Figuic^ 38) and light (Figure 
JL.), 1 he liquid crystals appear dark when the optical axis of the 
nemauc phase aligns with either the polarizer or the analyzer. 
We used measurements of the modulation of the intensity of light 
transmitted through the optical cell during its rotation to quantify 
the uniformity of alignment of the liquid crystals. As detailed in 
the Experimental Section, we quantified these measurements in 
terms of a fractional transmittance. We measured a strong 
modulation in the fractional transmittance of light when the liquid 
crystal was supported on the rubbed film (Figure 4), In contrast, 
littie modulation, if any, in the fractional transmittance was 
measured during rotation of the liquid ciystal supported on the 
film of BSA that had not been rubbed (Figure 4). 

These measurements, when combined, lead us to conclude 
that rubbed films of chemically immobilized BSA induce "uniform" 
and "planar" anchoring of nematic phases of 5CB in a direction 
that is parallel to the rubbing direction. 

Orientations of 5CB on Rubbed Glass and PTFE Follow- 
ing Their Immersion into Aqueous Solutions of Proteins. 
Whereas many surfaces that have been rubbed with a cloth will 
orient liquid crystals in a uniform manner, we suspected ttiat the 
level of nonspecific adsorption of proteins on most of these 
surfaces would be sufficiently high that the uniform orientation 
of the liquid crystals would be erased by the adsorbed proteins. 
To test this prediction, we investigated the influence of nonspecific 



0.8 



u 




angle between the direction of rubbing and the polarizer (open circles). 
For comparison, the fraction of light transmitted through a film of 5CB 
supported on a BSA film prior to rubbing is shown (filled circles). All 
fractional transmittances were obtained using one field of view of the 
liquid crystal. 



adsorption of proteins on rubbed hydrophilic glass slides (not 
supporting a deliberately adsorbed film of polymer) and hydro- 
phobic PTFE films that were shear-deposited onto the surface of 
glass slides.^'' As shown in Figure 5A and C, we observed uniform 
alignment of 5CB on the rubbed glass slides and the shear- 
deposited PTFE films prior to immersion into aqueous solutions 
of BSA. However, after immersion and withdrawal of both types 
of substrates from aqueous solution containing 0.1 mg/mL BSA, 
we measured the alignment of the liquid crystals to be nonuniform 
on both surfaces (Figure 5B and D). This result indicates that 
the level of nonspecific adsorption of BSA on these rubbed 
surfaces was sufficient to mask the anisotropy induced in the 
surface by the process of rubbing. We draw two conclusions from 
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Figure 5. Optical textures (crossed polarizers) of SCB sandwiched between ruDbed glass slides (A, B) and between PTFE-rubbed glass 
slides (C, D). The optical textures were obtained before (A, C) and after immersion in 0.1 mg/ml BSA solution in PBS buffer (pH 7.2) for 2 h (B, 
D). Ttie direction of rubbing was parallel to ttie polarizer. The white arrow Indicates the rubbing direction. The horizontal dimension of each 
sample shown is 1.1 mm. 



these results. Fii^t the i xtont ul m i 

on these surfaces will prevent their use as substrates for biorno- 
lecular assays that are based on liquid crystals because the 
nonspecific adsorption will mask the effects of specific binding of 
proteins to the surfaces. Second, this result suggests that a rubbed 
surface that does resist nonspecific adsorption may well be useful 
for biomolecular assays based on liquid crystals because the 
adsorption of proteins to these surfaces can erase the anisotropic 
structure within the rubbed surface that orients liquid crystals 
nti.f.irmiv 

Orientations of 5CB on Rubbed l ilins of B.SA Following 
Their Immersion into Solutions Containing Nonspecific 
Proteins. Whereas the rubbed glass microscope slides and films 
of PTFE described above do not resist nonspecific adsoiption of 
BSA at levels tiiat lead to uniform alignment of liquid crystals, 
we next investigated whether the rubbed films of BSA, in contrast, 
would retain their ability to resist protein adsorption at levels that 
would yield uniform alignment of 5CB following immersion in 
protein solutions. Figure 6A shows the optical texture of 5CB 
supported on a rubbed film of covalendy immobilized BSA after 
immersion of the rubbed film in an aqueous solution containing 
10 mg/mL of BSA. When compared with the appearance of the 
liquid crystal on the rubbed film of BSA shown m Figure 3B. the 
optical appearance of the liquid crystal is chanjjed little by 
immersion of the rubbed film of BSA into the solution of BSA. 
This result contrasts to the optical appeal inc < i ^ iK 

on the rubbed films of PTFE and glass fulb . in 
the aqueous solution of tsSfv (I'lgure 5b ana ui. wo measured 
the ellipsometric thickn( ssc s ol films i i i5SA with and without 
rubbing after immersion in the solution of BSA (Table 2). 
Inspection of Table 2 reveals that a covalently immobilized film 
of BSA (not rubbed) does not adsorb a measurable amount of 
BSA when immersed and withdrawn from an aqueous solution 
containing BSA. In contrast, when rubbed, the covalently im- 
mobilized layer of BSA is measured to adsorb ~14 A of BSA. We 
conclude, therefore, that the level of nonspecific adsorption of BSA 
is greater on the rubbed film of BSA as compared to the film of 



' I'd The level of additional adsorption of 
tsSA on the rubbed film of BSA, however, was insufficient to 
disrupt the uniform anchoring of the liquid crystals. As shown 
below, this result contrasts with the effects of specific binding of 
anti-BSA IgG to rubbed films of BSA (Figure 6D). In this latter 
case, we observed the specific binding of anti-BSA IgG to trigger 
the nonuniform anchoring of liquid crystals on the rubbed film 
of BSA (see below). 

We also investigated the optical appearance of 5CB anchored 
on rubbed films of BSA that were immersed and withdrawn from 
aqueous solutions containing fibrinogen and lysozyine. Whereas 
immersion of a rubbed film of BSA into an aqueous solution of 
lysozyme resulted in a uniform orientation of the liquid crystal, a 
number of defects (loop disclinations) appeared in the optical 
textures of liquid crystals supported on films of rubbed BSA 
immersed into fibrinogen. Although defects were evident in the 
optical appearance of the liquid crystal supported on the film 
inrunersed into the solution of fibrinogen, the bulk of the liquid 
crystals remains uniformly oriented. Below we quantify the level 
of nonuniformity induced by adsorption of fibrinogen (by mea- 
surement of fractional transmittance) and show it is clearly 
distinguishable from the appear ante of licjuid ri\stal in cases 
where anti-BSA IgG binds sptcificalK to ihc rubbed film of BSA 
(Figure 7). Whereas the optical appearance of the lioiiid crvstals 
.supported on the ru'^jljf'd hS \ jiH'Vious.v , .i i' ,i- s 
solutions of BSA (Figure 6A) and fibnnot,en {"> is 
from one another, our measurements of the f k 
ness of nonspecifically adsorbed BSA and flbrii u 
similar levels of adsorption (Table ^!) 1 1. ^ 
drat liquid crystals can distinguish bulwc 
protein layers that are indistinguishable wii. ir /, , 
eUipsometnc methods. We also note that nonspecific ddsorptioii 
of fibrinogen (~15 A) was measured on films of BSA, independent 
of whether the film was rubbed. 

We also measured the tilt angles of 5CB after nonspecific 
adsorption of BSA and fibrinogen on the rubbed films of BSA. 
We measured the tilt angles to be 3.8 ± 0.8° and 3.5 ± 0.5° for 
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Figure 6. UDt j r zers) of 5CB sandwicr f tirubation of the films in aqueous 

SI I ticps [ r n C) C 2 mg,mL ysozymt t in PBS for 2 h, and 100 nM tgG 

cJi't. n I 1 ' mti FITC 'gG and (F; art ~ nt rrow indicates the rubbing direction. 

T'fc- 1 mi I i ^(1 -^luJ nrn he samples were placed in the parallel direction with the polarizer. The horizontal dimension Of each 



fat>i«! 2. Eiiipsometric Thicknesses of Proteins 

Adsorbed onto Covalently Immobilized Films of BSA 

increase in thickness due to 
protein adsorption, A 



protein (concentration) not rubbed rubbed BSA film 

BSA (10 mg/mL) 1 ± 4 14 ± 3 

fibrinogen (0.2 mg/mL) 17 ± 4 14 ± 7 

lysozyme (0.2 mg/mL) 10 ± 4 12 ± 4 

anti-BSA IgG (100 nM)^ 46 ± 4 38 ± 4 

anti-FITCIgG(lOOnM) 5±1 7±1 

anti-streptavidin IgG (100 nM) 2 ± 1 2 ± 1 



' 100 nM of anti-BSA IgG corresponds to 0.015 mg/mL. 



BSA and fibrinogen, respectively. As described above, the tilt of 
the liquid crystals was L5 ± 0.5° prior to immersion of the rubbed 
films of BSA into aqueous solutions of BSA or fibrinogen. This 
result suggests that nonspecific adsorption gives rise to a small 
change (2° or less) in the tilt of the liquid crystals. We conclude, 
therefore, that rubbed films of covalently immobilized BSA limit 
the nonspecific adsorption of proteins to levels that largely sustain 
the uniform planar orientation of 5CB in a direction that is parallel 
to the direction of rubbing of the BSA. 

Orientation of 5CB Following Specific Binding of Anti- 
BSA IgG to Rubbed FUms of BSA. The results above establish 
that rubbed films of covalently immobilized BSA can uniformly 




Angle from Polarizer, degree 

Figure 7. Fraction of light transmitted through nematic 5CB 
anchored on the surfaces of rubbed films of BSA after immersion of 
the films into various protein solutions. The transmittance is shown 
as a function of the angle between the direction of rubbing and 
polarizer (crossed polarizers). The rubbed films of immobilized BSA 
were Incubated in 10 mg/mL BSA (filled circles) and 0.2 mg/mL 
fibrinogen (open squares) solutions in PBS buffer for 2 h or in 100 
nM anti-BSA IgG (filled squares) and 100 nM anti-FITC IgG (open 
triangles) solutions In PBS buffer for 2 h. For reference, the fractional 
transmittance of 5CB on a rubbed film of immobilized BSA prior to 
Immersion Into a protein solution was measured (open circles). Each 
measurement is based on one field of view of ttie liquid crystal. 



orient liquid crystals before and after immersion into aqueous 
solutions of proteins that do not have specific interactions with 
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Table 3. Fraction of Light Transmitted through Liquid Crystals Anchored on Rubbed Films of Cowalently 
Immobilized BSA 



protein (concentration) 



0.49 ± 0.02 0.02 ± 0.01 

0.34 ± 0.04 0.23 ± 0.02 

0.27 ±0.02 0.19 ±0.04 

0.58 ± 0,06 0.01 ± 0.01 

0.57 ± 0.01 0.03 ± 0.01 

Juttcm' II tir c( w IS nic red between cicsedpolanzeis aftei immeisionol th it ! 
jti{»i(imt\ 1 !i u III s 1 ds( 1 jn Uk sampling of i-T fields of view of each C(li > i r 
vtri. ni(ist!(( H lilt bUwtt i the polarim and tht rubbmg direction of thi (j < 

values (/mi"! were ootamed when the anj^le between the poSanzer and the rubbing direction ot i.ne opiH 
' / V / , / a WvH ( ikuimd ironitfu paiiedfractionaltransmmaricesat (0".45''). (90". Kio'J, U ■ 
:,orresponds to a rubbed film of immobilized BSA not subsequently immersed into a protein solution. The trar 
measured in order to observe the sample-to-sample variation. ^100 nM of IgG corresponds to 0.015 mg/mL. 



the BSA Here we report the specific biiic n i 
tubbed him of BS\ and the consequence I i 
01 lent it ions ol liqtiid cijstals We imnifr i i ' 

rri i BSA into i so 

cr.ii ft' i! t\i )f Ig( for 2 h [olkn >' 
ih( lubbtd him of BSA fiom m dnti Bs \ I^( suit too v\t 
)bsen( ti the optical appearance of the liquid cryst^il to be highly 
nonuntform (Figure 6D), Rotation of the sample between crossed 
polarizers did not result in repixiducible modulation in the intensity 
of light riansmitted thiough tht sample (Figure 7) In romi ist 
foiiovvnu? ihe t\Uhdiav\a! of rubbed films of BSA fioiii i(|utous 
solutions containing nonsppcifit I^(s(antiriIC IgC iiul iiiti 
stteptavuliri IgG) wenit isutedtheorifiitatioiiofllu hquKJcrvsi il 
(n bt umforiTi and planar (1 igure ()1 and 1) \\i <oii(lu(ii 
thticfoit that specific binding of the armfSA Igt ci istd iht 
anisotropic structure ol ihe nibbed Him of BSA responsible lor 
the uniform alignment of liquid crystals. 

We also performed ellipsometric measurements of tisf cxiSMii 
of binding of IgGs to rubbed films of BSA (Table 2) . We mt asui i d 
the extent of specific binding of anti BSA IgG on both rubbed 
and unrubbed films of BSA to be similar and large ( -K) A). In 
contrast, the level of adsorption of the nonspecific IgGs was 
measured to be small (~5 A). These measurements of ellipso- 
metric thicknesses support our conclusion that specific binding 
of anti BSA to the rubbed film of BSA erases the anisotropic 
structure of tiie BS,4 film that was induced by rubbing and thus 
• r „,)un.ioni alignment o* 'he liquid crystals 

r'u.',s.!,v.riu> Au,<'vs,, of the Optital Appearance of 5CB 



binding o, 




differences m the optical response of the iiquia crvsials induced 
b\ spenfn iiinducg ot anti BSA and nonspecific binding events 
111 partitulaj v.e pomt out that the nibbed film of BSA immersed 



I oil HI s ) u rii n^d \hile inducing visible 
0 u tfii uii ' ipst s fi e (( ) possesses an optical 

(s,inu 1 I \ 1 s pi srd < I II he response of the 

I 1 ^ ml fl 1 , I S 1 ( t 'ti I bmnd Table 

II . , i< i ! I 1 V 11 .1 I 1 ! terms of a 

numerical index (I/h;,^ /vii„|.''/vi=«) calculated lioni the maximum 

(/viaO and minimum (/mJ values of tiit r at no, al transniittante 
duimg rotation of the sample between t'oss^a po'?ri7ers The 
value of [/mot - 4iin]/4iax corresponding ,c spei ific binding of 

mti BSA IgG was -0 33 v\hereas all othei samples (nonspec ific 
adsoiption) possessed values of Ihe mdt \ that were grt.at°i t'la. 
Obi In pai ocular we point out that the value ot |/\ x ^ ]/ 
/ lor fibiuiogen ( 0 84) is much closet to the value measuied 
on the rubbed film of BSA not subsequently immersion into a 
piotein soiutic n ( -0 'Jlj than rubbed BSA to which anu BSA IgG 
was specifically bound (~U.33). 

CONCLUSIONS 

We conclude that nibbed films of BSA covalently immobilized 
on the surface of glass microscope slides can onent hquid crystals 
umfonnly, resist nonspecific adsorption of proteins from aqueous 
solutions at levels that are sufficient to maintain uniform alignment 

of liquid crystals, and vet possess an anisotropic structure that 

of proteins mav be useful as substrates on winch specific 
bionioleculai iii"'iactioii^ < tii be imaged bv using liquid ciystals 
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